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DEPENDENCE OF SURFACE RESIDUAL STRESS ON 
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Nijcnborgh 18, 9747 AG Groningen, The Netherlands. 
(Received June 13, 1991) 
Laser treatment ofmetals becomes a challenging technique since surface modification is feasible without influencing 
the bulk properties of a metallic substrate. The beneficial effects of laser surface melting of steels are basically due to 
a rapid solidification and rapid cooling processes. The cell size obtained is very small, usually in the order of I - 10 
~tm whereas a high density of dislocations in the order of 109 - 101° cm "2 has been observed as well. In the melting 
zone, the structure and properties of the material have changed completely and a high internal stress or residual stress 
has been usually developed. The high residual stresses may cause cracks in the surface layer. After laser surface 
treatment, the surface stress behaves as in a two dimensional stress state in case a phase transformation in the subswate 
is absent. The stress varies slightly along the depth. 
The surface residual stress is dominated by cooling rate as well as plastic deformation, both of which are related to the 
temperature profile of the melt pool and the thermophysical properties. Various models of heat flow for the surface 
melting and solidification have been proposed in the literature [1-5]. Some analytical and numerical solutions about 
the temperature profile and the cooling rate are available. In this paper the processes of solidification, cooling and 
plastic deformation have been investigated in order to describe a relationship between the surface residual stress and 
laser parameters. 
In this paper a study is reported on the stress tate of laser melted steel, SS 304. In particular a relation between the 
stress tate o, the laser beam velocity V b and the laser power P has been derived which is compared with experimental 
results of surface stresses measured by X-ray techniques. 
In this study a transverse flow Spectra Physics 820 CO2 laser of 1.5 kW is applied, with a 127 mrn ZnSe lens. The 
sample of SS 304 is mounted on a numerically controlled XY-table. Argon was used as a shielding as to prevent 
oxidation. The conditions were 500 W to 1500 W power on the surface, focus point 15 mm above the surface, and a 
scan velocity ranging from 0.02 to 0.08 m/s. Tracks were made adjacent to each other, 20 in total with 30% overlap. 
The beam diameter is 0.6 ram. 
The stress measurements were carried out using a well aligned Philips X-ray diffzaction system (PW1820 equipped 
with a 0 drive). The diffi~tometer is equipped with a fine focus copper tube operated at 45 kV, 25 mA and a graphite 
monochromator in the diffracted beam which filtered all radiation except CuKa. Copper radiation was chosen because 
of the small penetration depth. (Penetration depth at 90% intensity loss, Cu on steel: 5 ~tm, Cr on steel 10 ~) .  
The stress o, is measured using the sin2~ method [6] 
d~-do = (1 Ev) o, sin2v, (I) ~= 
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where E represents he modulus, v Poissons ratio, do the strain free [hid] plane distance, dr, the strained [hkl] plane 
distance,  the strain and a, the stress to be determined. For V and ~b reference is made to fig. 1. The stresses normal 
to the surface are assumed to be zero. E=220 GPa and v = 0.3 were used for the stress analysis. Fig. 2 shows the 
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Fig. 1 System and symbols used in the stress 
measurements. 
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Fig. 2 The dependence of X-ray surface stress on scanning velocity, 
Vb, and laser power, P. 
aT - transverse direction to the laser track (+). 
a L - longitudinal direction to the laser track (A). 
In the laser track the internal stresses are induced by the thermal expansion and the plastic flow, and part of them are 
released by the cooling of the substrate outside of the track. The internal stress may be expressed as follows: 
afEv. ,  
where: 
e= aAr -g , -~.  (2) 
E represents the elastic modulus, s is the effective lastic strain, ~ is the plastic strain, whereas ¢~ is the strain released 
by the cooling of the substrate outside the laser track, a is the thermal expansion coefficient and AT is the vgiation in 
temperature. The strain ~¢ released by the cooling of the substrate outside of the laser track is related to the temperature 
profile and cooling rate. In the following it is assumed that at high temperature, the plastic strain dominates the process, 
whereas at low temperature, most of the thermal expansion isreleased by the cooling of the substrate ofthe laser track. 
The typical surface stress in the laser track measured by X ray diffraction ranges from I00 MPa to 500 MPa and is 
much smaller than the thermal stress a = E a(T,  - To) " 1200 MPa if all of the thermal expansion were quenched to 
room temperature. Therefore, most of the thermal expansion isreleased by the plastic flow as well as by the substrate 
cooling outside of the laser track. 
From heat modelling of the molten pool of the laser track, the cooling rate is generally proportional tothe square or 
cubic power of the temperature difference to room temperature, and decreases rapidly with decreasing temperature. 
Therefore, the thermal expansion aAT in the laser track is mainly released by plastic flow at higher temperature. The 
following basic assumptions are made :
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The laser track is treated as a fixed thin plate ( x-y plane ). There is no temperature gradient along the z-axis. 
Further it is assumed that there is no stress developed in the plate before it has completely re,solidified because 
liquid flow above the melting point Tm is so quick that no internal stress could remain in the plate. After the 
centre of the plate cools below the melting point, an internal stress may be induced by the thermal expansion. 
There are no cracks generated in the plate during cooling. It means that all the thermal expansion would be 
converted to the plastic flow and elastic strain. Eq.(2) can be applied in this process. 
All the properties of the material except the elastic modulus are independent ofthe temperature. The dependence 
of the elastic modulus E with temperature T is suppose to be given by: 
E . lfd  ._ <3) 
where Eo is the elastic modulus at room temperature To. 
Because there is a temperature distribution along the y-axis perpendicular tothe laser scan direction, the cooling rate 
and the plastic flow will vary along the y-axis within a certain period of time. This makes the analysis very complex. 
To arrive at an analytical solution of eq. 2. a further simplification is needed assuming that the plate maintains a
homogeneous temperature along the y-axis during cooling. The cooling rate is still represented by the heat model of 
laser treatment. Then cp in eq. (2) may be expressed as follows: 
~p 
where spis the plastic strain rate and ~ is the cooling rate. Taking the laser beam as a line source the cooling rate can 
be written as [7]: 
¢~ 2~KVb 2 
= - -F -  ( r  - to ) ,  ( 5) 
where P is the absorbed power and • represents he thermal conductivity. 
The growth rate/solidification rate V. depends on Vb according to [8]: 
V, = ~~(r .  - To), (6) 
where Ahtis the latent heat per volume and Tffi is the melting temperature. Since the eutectic spacing d is found to be 
related to the solidification rate by daV. = constant, he eutectic spacing can be described as: 
I 
1 
where ~ is a constant which can be experimentally determined by measuring d. 
At high temperature diffusional flow of point defects leads to the Newtonian-viscous creep of the polycrystalline 
material. This transport produces creep under a stress o: 
D~ O~ 
(8) 
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whea'e D, is the coefficient of volume diffusion, t2 is the atomic volume, and the constant Tis in the order of 10. In 
eq.(8) the factor of~kT represents he amount of work done when a point defect is produced under a stress, thereby 
changing the local saturation of point defects. It is quite clear that when boundary diffusion dominates D, should be 
replaced by 8 Db / d, where 8 represents he effective cross section of a boundary for diffusional transport. The former 
situation is called Nabarro-Herring creep, whereas the latter is known as Coble creep [9]. Substitution of eq.(5) and 
of eq.(7) into eq.(8) and eq.(4) yields: 
• 1 . . . 1 where m is equal to ] assurmng volume diffusion or ~ in case that boundary diffusion is the most dominant mechanism. 
The factor f can be expressed in terms of the various parameters [9]. 
Eq. (9) indicates that the surface residual stress is proportional either to (VJP) u4 or to (VJP) u2. In fig. 2 the stresses 
parallel to the scan direction (c~) and transverse tothe laser scan direction (~r) are plotted. It suggests hat he diffusional 
flowresulted from flow ofpointdefects around boundaries i  the predominantprocess of plastic flow at high temperature 
in the laser treated material. 
4. Conclusion 
A relation between the stress tate ~ and the laser beam velocity Ve and the laser power P has been derived assuming 
an eutecfic omposition and a line source of laser beam. It turned out that a scales with ( Vb/P)'* where m is ranging 
between ¼ and ~. The experimental results of surface stresses measured by X-ray suggest that m ffi ¼ is more appropriate 
indicating that the plastic flow is dominated by diffusional flow of point defects along boundaries instead of volume 
diffusion through the bulk. 
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